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IsozymeDiacylglycerol kinase (DGK) g plays important roles in various patho-physiological events such as
oncogenesis. In this study, we performed an enzymological characterization of DGKg splice variant
1 (DGKg1). The Km value for diacylglycerol was 0.14 mol%. Intriguingly, the Km value of DGKg1 for
diacylglycerol was at least 9-fold lower than those of other DGK isozymes including DGKa, indicat-
ing that DGKg1 is a high afﬁnity isozyme for diacylglycerol. Therefore, DGKg1 is a unique DGK iso-
zyme, which may function at particular membrane sites where only low concentrations of
diacylglycerol are supplied.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Diacylglycerol kinase (DGK) phosphorylates diacylglycerol (DG)
to yield phosphatidic acid (PA) [1–5]. DG and PA have been well
recognized as lipid second messengers, and DGK appears to partici-
pate in various physiological events by modulating the amounts of
these two bioactive lipids. Ten mammalian DGK isozymes (a, b, c,
d, e, f, g, h, i and j), containing two or three characteristic zinc ﬁn-
ger-like C1 domains and the catalytic region in common, are
divided into ﬁve groups according to their structural features [1–
5]. Moreover, the occurrence of alternative splicing has been
reported for at least six mammalian DGK genes (the b [6], c [7],
d [8], f [9], g [10] and i [11] isoforms).
DGKg is classiﬁed into the type II DGK subfamily [12–15]. As
described above, DGKg has the splice variants g1 and g2 [10].
DGKs g1 and g2 possess in common a pleckstrin homology
domain at the N-terminus and a catalytic domain that is divided
into two subdomains (catalytic subdomain-a and -b). However,
only DGKg2 has a sterile a motif domain at the C-terminus [10];
DGKg1 [10,13] lacks this domain.The expression of DGKg1 is markedly increased by glucocorti-
coid [10,13]. In contrast, the DGKg2 expression is moderately
decreased by the hormone [10]. DGKg1 is highly expressed in
the brain [10,13]. Moreover, DGKg1 in the brain is distributed in
the cerebral cortex, the hippocampus (CA1 and CA2 regions and
dentate gyrus), the olfactory bulb (mitral cell and glomerular
layer), and the cerebellum (the Purkinje cells) [16]. In the brain,
DGKg2 expression reaches its maximum levels at P5 and decreases
by 4 weeks, whereas DGKg1 expression increases over the same
timeframe.
We recently reported that DGKg1 is required for the Ras/B-Raf/
C-Raf/MEK/ERK signaling cascade to be activated by epidermal
growth factor (EGF) in HeLa cervical cancer cells [17].
Importantly, DGKg regulates the recruitment of B-Raf and C-Raf
from the cytosol to membranes and controls their heterodimeriza-
tion. Moreover, we demonstrated that DGKg activates C-Raf, but
not B-Raf, in an EGF-dependent manner. The data show that
DGKg1 is a novel key regulator of the Ras/B-Raf/C-Raf/MEK/ERK
signaling pathway. In addition, Nakano et al. reported that deplet-
ing DGKg in lung cancer cell lines that harbor mutant EGF receptor
reduces their growth on plastic and in soft agar, and also augments
the effects of afatinib, an EGF receptor inhibitor [18]. Notably, a
genome wide association study has recently indicated that the
gene encoding DGKg is implicated in the etiology of bipolar disor-
der [19]. Moreover, it has been reported that DGKg is highly
expressed in the brain of bipolar disorder patients [20].
As described above, DGKg1 is physiologically and pathologi-
cally important. However, its enzymatic properties are poorly
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for ATP and DG, selectivity for DG molecular species and depen-
dency for phosphatidylserine (PS). Intriguingly, the Km value of
DGKg1 for DG was signiﬁcantly lower than those of several DGK
isozymes reported so far, indicating that DGKg1 is a unique
high-afﬁnity isozyme for DG.
2. Materials and methods
2.1. Materials
1,2-Dioleoyl-sn-glycerol (18:1/18:1-DG), 1-palmitoyl-2-oleoyl-
sn-glycerol (16:0/18:1-DG), 1-stearoyl-2-docosahexaenoyl-
sn-glycerol (18:0/22:6-DG) and PS were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). 1-stearoyl-2-arachidonoyl-
sn-glycerol (16:0/20:4-DG) was obtained from Sigma-Aldrich
(Tokyo, Japan).
2.2. cDNA constructs
The expression plasmids, p3FLAG-CMV-pig DGKa [21] and -
human DGKg1 [10], were generated as described previously.
2.3. Cell culture and transfection
COS-7 cells were maintained in Dulbecco’s modiﬁed Eagle’s
medium (Wako Pure Chemical Industries, Osaka, Japan) containing
10% fetal bovine serum at 37 C in an atmosphere containing 5%
CO2. The cells were transfected with p3FLAG-CMV-DGKg1 or -
DGKa by electroporation (1  106 cells/2 mm gap cuvette, 110 V,
20.0 ms pulse length, one pulse) with the Gene Pulser Xcell™
Electroporation System (Bio-Rad Laboratories, Tokyo, Japan)
according to the manufacturer’s instructions. After transfection
for 48 h, harvested cells were suspended in 500 ll ice-cold lysis
buffer (50 mM HEPES (pH 7.2), 150 mM NaCl, 5 mM MgCl2, 1 mM
dithiothreitol, cOmplete™ EDTA-free protease inhibitor (Roche
Diagnostics, Tokyo, Japan)) and then sonicated. The mixtures were
centrifuged at 12000g for 5 min at 4 C to yield the cell lysates.
2.4. DGK activity assay
The octyl glucoside mixed micellar assay of DGK activity was
performed as described previously [15]. In brief, the assay mixture
(50 ll) contained 50 mM MOPS (pH 7.2), 50 mM n-octyl-b-D-glu-
coside, 1 mM dithiothreitol, 20 mM NaF, 10 mM MgCl2, 1 lM
CaCl2, 27 mol% PS, 5.0 mol% 1,2-dioleoyl-sn-glycerol (18:1/18:1-
DG) and 1 mM [c-32P]ATP (100000 cpm/nmol). The reaction was
initiated by adding the cell lysates, and continued for 5 min at
30 C. Lipids were extracted from the mixture, and PA separated
by thin layer chromatography was scraped and counted by a liquid
scintillation spectrophotometer.
3. Results
3.1. PS dependence of DGKg1
We expressed 3FLAG-tagged DGKg1, which is more ubiqui-
tously and strongly expressed than DGKg2, in COS-7 cells. For
comparison, we also expressed DGKa, for which the enzymatic
properties have been well characterized [22–24]. 3FLAG-tagged
DGKg1 and DGKa were strongly expressed (Supplemental
Fig. S1A), and these enzymes showed markedly stronger DGK
activities compared with vector alone control (Supplemental
Fig. S1B and C). We conﬁrmed that the DGKg1 and a activities
increased linearly in a time-dependent manner by 10 min(Supplemental Fig. S1D and E). Because DGKa, which possesses
Ca2+-binding EF-hand motifs, is activated by Ca2+ [24–26] (also
see Supplemental Fig. S2), the assay mixture contains CaCl2.
However, DGKg1 was active even in the absence of Ca2+ and was
not further activated by Ca2+ (Supplemental Fig. S2).
We ﬁrst examined whether DGKg1 was activated by PS, a
known activator of DGKa [27]. As shown in Fig. 1A, PS strongly
activated DGKg1 (approximately 3-fold activation), with activa-
tion reaching a maximum at approximately 15 mol% of PS. The
results indicate that this isozyme requires the lipid to achieve full
activation. The EC50 of the isozyme for PS was 8.5 ± 1.2 mol%, n = 3
(Fig. 1A and Table 1). This value is nearly the same as that of DGKa
(9.1 ± 0.5 mol%, n = 3) (Fig. 1B and Table 1).
3.2. ATP dependence of DGKg1
We next measured the kinetic parameter for ATP. The activity of
DGKg1 expressed in COS-7 cells was increased in an ATP dose-
dependent manner (Fig. 2A). A double reciprocal plot provided
the Km value for ATP: 0.052 ± 0.005 mM, n = 3 (Fig. 2B and
Table 1). On the other hand, the Km value of DGKa for ATP was
0.12 ± 0.01 mM, n = 3 (Fig. 2C and D and Table 1). The ATP Km value
of DGKg1 was somewhat lower than that of DGKa. Therefore, the
results indicate that the afﬁnity of DGKg1 for ATP is slightly higher
than that of DGKa.
3.3. DG species selectivity of DGKg1
DGKe shows selectivity for an arachidonic acid-containing DG
species, 18:0/20:4-DG, derived from agonist-induced phos-
phatidylinositol turnover [28,29]. On the other hand, DGKa does
not have such selectivity [22]. Therefore, we next examined
whether DGKg1 possesses DG species selectivity. To this end, we
employed 1,2-dioleoyl (18:1/18:1)-, 1-palmitoyl-2-oleoyl (16:0/
18:1)-, 1-stearoyl-2-arachidonoyl (18:0/20:4)- and 1-stearoyl-2-
docosahexaenoyl (18:0/22:6)-DG molecular species as substrates.
We conﬁrmed that DGKa did not exhibit marked selectivity for
any of these DG species (Fig. 3B). The phosphorylation activity of
DGKg1 for 18:0/20:4-DG was approximately 60% of that for
18:1/18:1-DG, while phosphorylation activities for 16:0/18:1-
and 18:0/22:6-DG were nearly the same as that for 18:1/18:1-DG
(Fig. 3A). Therefore, DGKg1 has weak preference for 18:1/18:1-,
16:0/18:1- and 18:0/22:6-DGmolecular species as substrates com-
pared with 18:0/20:4-DG.
3.4. DG dependence of DGKg1
We next measured the kinetic parameter for 18:1/18:1-DG.
The activity of DGKg1 expressed in COS-7 cells increased in a
DG dose-dependent manner (Fig. 4A). A double reciprocal plot
provided the Km value for DG: 0.14 ± 0.05 mol%, n = 3 (Fig. 4B
and Table 1). For comparison, we also determined the DG Km
value of DGKa expressed in COS-7 cells (Fig. 4C): 1.3 mol% ± 0.1
mol%, n = 3 (Fig. 4D and Table 1), which is comparable to values
reported to date (3.0–3.4 mol%) [22–24]. Therefore, the DG Km
value of DGKg1 was at least 9 times lower than that of DGKa.
These results indicate that DGKg1 is an isozyme having signiﬁ-
cantly high afﬁnity for DG. Therefore, at low concentrations of
DG (0.01–0.13 mol%), DGKg1 showed stronger activity than
DGKa (Fig. 4E).
The reaction product PA might cause inhibition of DGKg1 activ-
ity, which could reduce the activity of DGKg1 and consequently
give an apparent high afﬁnity of the enzyme for DG. However,
the addition of a PA amount expected to be produced by DGKg1
during the reaction (1.25 nmol), to the reaction mixture did not
affect the DGKg1 activity (data not shown).
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Fig. 1. Effect of PS on DGK activities of DGKg1 and DGKa. The 12000g supernatants (5 lg) of extracts from COS-7 cells expressing DGKg1 (A) and DGKa (B) were incubated
with various concentrations of PS as indicated for 5 min. The concentrations of the non-varied assay components were 1 mM ATP and 5.0 mol% DG. The values are the
averages of triplicate determinations. Data are represented as the means ± S.E.M. Data shown are representative of three separate experiments.
Table 1
Kinetic parameters of DGKs g1 and a for PS, DG and ATP. A mixed micelle assay was
performed to test enzymatic activity over a series of substrate and activator
concentrations. The kinetic parameters were obtained as shown in Figs. 1, 2 and 4.
Data are shown as the means ± S.E.M. from three independent experiments. Statistical
signiﬁcance was determined by Student’s t test. N.S.: not signiﬁcant.
EC50 for PS
(mol%)
Km for ATP
(mM)
Km for DG
(mol%)
DGKg1 8.5 ± 1.2 0.052 ± 0.005 0.14 ± 0.05
DGKa 9.1 ± 0.5 0.12 ± 0.01 1.3 ± 0.1
Statistical signiﬁcance
(t test)
N.S. P < 0.005 P < 0.005
1274 S. Komenoi et al. / FEBS Letters 589 (2015) 1272–1277DGKg1 and DGKa may show different sensitivity to distinct
detergent. We performed the same experiment using Triton
X-100 mixed micelles, instead of octyl glucoside mixed micelles.
As shown in Supplemental Fig. S3, the Km value of DGKg1 for DG
(0.58 mol%) was approximately 5 times lower than that of DGKa
(2.7 mol%). These results indicate that DGKg1 has signiﬁcantly
high afﬁnity for DG even in a distinct detergent assay (Triton
X-100 mixed micellar assay), suggesting that the high afﬁnity of
this enzyme for DG is attributable to the properties of the enzyme
itself, rather than to the effects of detergent.ATP (mM)
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Fig. 2. Afﬁnities of DGKg1 and DGKa for ATP. The 12000g supernatants (5 lg) of extra
with various concentrations of ATP as indicated. The concentrations of the non-varied a
triplicate determinations. Data are represented as the means ± S.E.M. Data shown are re
data.To avoid the effects of unknown factors in COS-7 cell lysates on
the afﬁnity of DGKg1 for DG, we expressed 6His-TF-tagged
DGKg1 (180kDa) in Escherichia coli cells and highly puriﬁed it by
several puriﬁcation steps, including afﬁnity chromatography on a
Ni-chelate column (Supplemental Fig. S4A). The puriﬁed enzyme
showed substantially higher activity than TF alone (Supplemental
Fig. S4B). The puriﬁed DGKg1 gave essentially the same Km value
for DG, 0.19 mol% (Supplemental Fig. S4C and D) as the enzyme
expressed in COS-7 cells (Table 1), indicating that the high afﬁnity
of this enzyme for DG is attributable to the properties of the
enzyme itself, rather than to the effects of unknown factors in
COS-7 cell lysates.
4. Discussion
Although DGKg is physiologically and pathologically important,
its enzymatic properties have been poorly understood. In this
study, we revealed several enzymatic properties of DGKg1.
Interestingly, we found that DGKg1 is an isozyme having higher
afﬁnity for DG (Km: 0.14 mol%) (Fig. 4 and Table 1) compared with
other isozymes including DGKa (Km: 1.3–3.4 mol% ([22–24] and
this study)), e (Km: 1.6–2.4 mol%, substrate: 1-stearoyl-2-arachi-
donoyl-DG [22,29]) and f (Km: 1.6 mol% [22]). Essentially the same
result was obtained using Triton X-100 mixed micelles, instead of1/ATP (mM)
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Fig. 3. Effects of various DG species on activities of DGKg1 and DGKa. The 12000g supernatants (5 lg) of extracts from COS-7 cells expressing DGKg1 (A) and DGKa (B)
were incubated with 18:1/18:1-DG, 16:0/18:1-DG, 18:0/20:4-DG and 18:0/22:6-DG for 5 min. The concentrations of the assay components were 1.1 mol% DG, 1.0 mM ATP
and 27 mol% PS. The values are the averages of triplicate determinations. Data are represented as the means ± S.E.M. The activities of DGKg1 and DGKa are deﬁned as 100%
for 18:1/18:1-DG. Statistical signiﬁcance was determined by Student’s t test (*** represents P < 0.005). Data shown are representative of three separate experiments.
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Fig. 4. Afﬁnities of DGKg1 and DGKa for DG. The 12000g supernatants (5 lg) of extracts from COS-7 cells expressing DGKg1 (A) and DGKa (C) were incubated with various
concentrations of DG as indicated for 5 min. The concentrations of the non-varied assay components were 1 mM ATP and 27 mol% PS. The values are the averages of triplicate
determinations. Data are represented as the means ± S.E.M. Data shown are representative of three separate experiments. (B and D) Lineweaver–Burk plots of the data. (E)
DGK activities of DGKg1 and DGKa with low concentrations of DG. Statistical signiﬁcance was determined by Student’s t test (* and *** represent P < 0.05 and P < 0.005,
respectively).
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to DGKg1 expressed in mammalian COS-7 cells, the enzyme that
was bacterially expressed and afﬁnity-puriﬁed also exhibited
nearly the same afﬁnity for DG (Km: 0.19 mol%) (Supplemental
Fig. S4C and D), indicating that this property is intrinsic.
In contrast to DG, the Km value of DGKg1 for ATP (0.052 mM)
(Fig. 2 and Table 1) is comparable to that of DGKa (0.12 mM)
and values reported previously for the enzyme (0.10 [24] and
0.13 mM [23]). The PS dependency of DGKg1 (8.5 mol%) (Fig. 1and Table 1) is also comparable with that of DGKa (9.1 mol%)
and values reported previously for the enzyme (14 [24] and
16 mol% [23]). Therefore, the afﬁnity of DGKg1 for DG alone is
markedly different from that of DGKa.
Vmax of DGKg for DG normalized for band intensities in
Western blotting was lower than (approximately 1/5) that of
DGKa (Fig. 4 and Table 1). It is known that Vmax values of DGK iso-
zymes are varied. For example, the values of DGKf and e are
approximately 1/3 and 1/16 that of DGKa, respectively [22]. It is
1276 S. Komenoi et al. / FEBS Letters 589 (2015) 1272–1277possible that in addition to PS, those isozymes including DGKg
may require an unidentiﬁed activator.
DGKg1 (type II DGK) has a separated catalytic domain [10,13],
whereas the domains of DGKa, e and f are not split [1–5].
Therefore, the structural difference may cause the distinct afﬁnity
for DG among these isozymes. Because other type II DGKs (g2, d1,
d2 and j) also have the separated catalytic domain [8,10,12,15], it
is anticipated that these isoforms may also be the DG-high afﬁnity
isozymes. However, because the activities of these isoforms
expressed in COS-7 cells are rather low, it has been difﬁcult to
determine their kinetic parameters.
The DGK isozymes are divided into ﬁve subgroups by structural
features: type I (a, b and c), II (d, g and j), III (e), IV (f and i) and V
(h) [1–5]. Moreover, arachidonic acid-containing DG-selectivity
can also be used to categorize the isozymes into two groups:
arachidonoyl DG-selective isozyme (e) versus non-selective iso-
zymes (a, b, c, d, g, j, f, i and h) [1–5]. In addition to these cat-
egorizations, the results of this study provide a new classiﬁcation
based on different afﬁnities for DG: high DG afﬁnity type (g1) ver-
sus low DG afﬁnity type (a, e and f) (afﬁnities of other isozymes for
DG are presently unknown). These DG afﬁnity differences are
probably essential for the isozymes in serving their individual
functions.
DGKg1 is localized in the cytoplasm and is quickly translocated
to unidentiﬁed punctate vesicles in the cytoplasm, but not to the
plasma membrane, in response to osmotic shock [10]. We also
revealed osmotic shock-dependent redistribution of DGKg1 to
non-ionic detergent-resistant membrane microdomains [30].
Detergent-resistant membranes including lipid rafts are microdo-
mains formed by the tight packing of sphingolipids and cholesterol
[31]. Therefore, it is possible that there is only a low amount of DG
in the detergent-resistant membrane microdomains, allowing us to
speculate that DGKg1 may act in these microdomains where DG is
not enriched.
It is likely that different DGK isozymes are utilized under dis-
tinct conditions comprising different DG concentrations. For exam-
ple, DGKg1 may play an important role under unstimulated
conditions or at the early stage of cell stimulation where only
low concentrations of DG are available (Supplemental Fig. S5A).
In addition, the detergent-resistant membrane microdomains
described above may be classiﬁed into the low DG conditions even
in stimulated cells. Unlike DGKg1, DGKs a, e and f may more
strongly phosphorylate DG at relatively later stages of cell stim-
ulation, when high concentrations of DG are already present
(Supplemental Fig. S5B). However, further studies are needed to
test this possibility.
In this study, we revealed that DGKg1 is a unique isozyme hav-
ing high afﬁnity for DG. This result adds a new level of complexity
to the DGK scenario in which 10 DGK isozymes participate in a
wide variety of cellular functions [1–5]. DGKg1 has been reported
to be involved in EGF-dependent cell proliferation [17] and in the
pathogenesis of lung cancer [18] and bipolar disorder [19,20]. It
will be interesting to determine what role the high DG afﬁnity
DGK isozyme plays in modulating these physiologically and patho-
logically important events.
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